We present the results of a detailed, systematic stellar evolution study of binary mergers for blue supergiant (BSG) progenitors of Type II supernovae. In particular, these are the first evolutionary models that can simultaneously reproduce nearly all observational aspects of the progenitor of SN 1987A, Sk -69
INTRODUCTION
The remarkable supernova SN 1987A that exploded in the Large Magellanic Cloud (LMC) (West et al. 1987 ) is unique in many regards. Although initially classified as a subluminous Type II Plateau supernova (Type II-P SN) due to the presence of HI lines in the optical spectrum, its light curve was unusual. The light curve of SN 1987A began to rapidly rebrighten after its initial decline, by a factor of 100 in a few hours as against days for Type II-P supernovae (Type II-P SNe), and at its maximum was only ∼ 10 % as luminous as most Type II-P SNe (Arnett et al. 1989; McCray 1993) . The dome-shaped light curve (Catchpole et al. 1988; Hamuy et al. 1988 ) indicated that the progenitor was not a typical red supergiant (RSG) (R ≈ 500 R −1, 000 R ) as is the case for all observed Type II-P SNe, but a much more compact star. An examination of previous photographic plates of the explosion site confirmed that the progenitor was indeed a compact B3 Ia supergiant named Sk -69
• 202 (Walborn et al. 1987; Blanco et al. 1987) . From its absolute magnitude measurements and by calibrating it against other B3 supergiants in the LMC, the luminosity of Sk -69
• 202 was deduced to be log (L/L ) = 5.15 − 5.45, with an effective temperature, T eff = 15 kK − 18 kK (Woosley 1988; Woosley et al. 1988; Arnett et al. 1989; Walborn et al. 1989) . The radius of the star was thus calculated to be R = (3 ± 1) × 10 12 cm (≈ 28 R − 58 R ). Barkat & Wheeler (1989) deduce a slightly less luminous and possibly cooler progenitor, with log L/L = 4.90 − 5.11 and T eff = 12 kK − 19 kK.
Another unusual aspect of SN 1987A, is the shape of the circumstellar material nebula ejected by the progenitor before its explosion. It is a complex, triple-ring nebular structure, distributed in an axi-symmetric but extremely non-spherical manner (Wampler et al. 1990; Burrows et al. 1995; France et al. 2010) . Fransson et al. (1989) ; Lundqvist & Fransson (1996) measured He/H = 0.25 ± 0.05 (ratio by number of atoms), in the nebular material but more recent estimates have lowered this value to He/H = 0.17±0.06 (Mattila et al. 2010) and He/H = 0.14 ± 0.06 (France et al. 2011) . Nitrogen is also enhanced in the nebula relative to carbon and oxygen; Lundqvist & Fransson (1996) estimated values of N/C ∼ 5 ± 2 and N/O ∼ 1.1 ± 0.4 while Mattila et al. (2010) reported N/O∼ 1.5±0.7. Older estimates for these ratios are-N/C ∼ 8±4 and N/O ∼ 1.6±0.8 (Arnett et al. 1989) . These enhancements of helium and nitrogen in the nebular material, which was ejected from the envelope of Sk -69
• 202before its explosion, indicate that the star underwent H-burning through the CNO cycle during its evolution (Saio et al. 1988; Fransson et al. 1989; Sonneborn et al. 1997; France et al. 2011) . Panagia et al. (1996) found that the outer rings are less enriched in N/C and N/O, by a factor of ∼ 3 than the corresponding values measured in the inner ring, thus concluding that the outer rings may have been ejected 10 kyr before the inner ring. These results were contested by Crotts & Heathcote (2000) , who through a kinematic study, deduced that all three rings were expelled ∼ 20 kyr before the supernova explosion. Maran et al. (2000) further supported this result, through long-slit optical spectroscopic measurements of the CNO abundances of the rings and found no discrepancies between the inner and outer rings, stating that Panagia et al. (1996) may not have taken time-dependent line emissions from the outer rings in to account while measuring these abundances.
Possible enhancements in s-process elements, Ba and Sr, were also detected in the spectrum during the recombination phase (Mazzali et al. 1992; Mazzali & Chugai 1995) . The dynamical age of the blue supergiant (BSG), measured from the expansion velocity of the inner ring of the nebula, is estimated to be about 15 kyr-20 kyr before explosion (Burrows et al. 1995; Smith et al. 1998; Crotts & Heathcote 2000) . Most of the mass of the nebula resides in the inner ring; the outer rings each weigh ∼ 0.045 M (Lundqvist & Fransson 1996) . The total mass of the nebula is however, uncertain, although estimates range between 0.34 M (Crotts & Kunkel 1991) and 1.7 M (Burrows et al. 1995; Sugerman et al. 2005a,b) . It should be borne in mind however, that these estimates are based on an hour glass model while the circumstellar nebula of of SN 1987A is in the form of a triplering structure (Phillip Podsiadlowski, private comm.) .
Ring-shaped circumstellar nebulae have been found around other BSGs as well, such as MN18 (Gvaramadze et al. 2015) , SBW1 (Smith et al. 2013) , HD 168625 (Smartt et al. 2002) . An object that is considered a more luminous twin of • 202 of luminosity log (L/L ) = 5.78 − 5.90 (Smartt et al. 2002; Melena et al. 2008 ) is Sheridan 25 (Sher 25) located in the Milky Way. The nebula surrounding this BSG is enhanced in nitrogen (Smartt et al. 2002; Hendry et al. 2008 ) and has a similar hourglass morphology, mass and kinematics to the triple-ring nebula in of SN 1987A (Brandner et al. 1997b,a) suggesting that Sher 25 may also have undergone a similar evolution as Sk -69
• 202. Since the discovery of SN 1987A, eleven more supernovae have been recorded with similar dome-shaped light curves (Taddia et al. 2013 ), suggesting they had BSG progenitors as well. These are collectively classified as Type IIpeculiar supernovae (Type II-pec SNe). Light curve models of these SNe indicate that they have compact (R ≤ 70 R ) progenitors and are found to be more abundant in lowmetallicity environments (Taddia et al. 2013; Pastorello et al. 2012) . Podsiadlowski et al. (1992) theoretically estimated from population synthesis studies with binary merger and accretion models, that 2 − 8 % of all massive stars will explode as Type II-pec SNe. According to observations, these are rare events, forming only 1 − 3 % of known CCSNe (Smartt 2009; Kleiser et al. 2011; Pastorello et al. 2012) , while the majority are Type II-P progenitors, i.e., RSGs (Smartt 2009 ). This fraction of known Type II-pec SNe could change with more observations from blind and deeper surveys (zPTF, LSST) (Luc Dessart, private comm.) .
Presently, the evolution that leads to the formation of a BSG that would explode as a Type II SN is not entirely certain. Single star models include those of lowmetallicity (Arnett et al. 1989) , extreme mass-loss (Maeder 1987; Wood 1988) , restricted-convection (Woosley et al. 1997; Langer 1991) , helium-enrichment (Saio et al. 1988) and rapid-rotation (Weiss et al. 1988; Hirschi et al. 2004 ) (see (Arnett et al. 1989; Podsiadlowski 1992; Smartt 2009 ) for a full review). Barkat & Wheeler (1989) performed a paramterised study which showed that the penetration of the convective envelope in the He core (i.e., the H-free core) shrinks the core and dredges up He and N to the surface. Furthermore, the smaller He core relative to the total mass favours a blue solution for the final model. A similar parameterised study by Petermann et al. (2015) for rotating massive stars, demonstrated that models with small He cores could evolve to BSGs. From the luminosity of Sk -69
• 202 and by fitting light curves from explosions of single star models, the He core mass and envelope mass were estimated to be M He core ≈ 4 M − 7 M , and M env ≈ 5 M − 10 M respectively Nomoto et al. 1988; Woosley et al. 1997) . These implied progenitor single stars of mainsequence mass between 14 M − 20 M (ignoring mass loss, rotation and overshoot mixing) (Woosley 1988; Saio et al. 1988; Arnett et al. 1989; Smartt et al. 2009 ).
The major difficulties in single star models however, are the extreme fine-tuning of parameters required to obtain the transition from red to blue in the HR diagram (HRD) and their inability to reproduce the unusual composition of the circumstellar material. Most importantly, the single star scenario cannot explain the complex geometry of the nebula and how it was ejected about 20 kyr before explosion. The single star rotating model of Chita et al. (2008) does produce this nebular shape, however, the model does not end its life as a BSG.
An alternative explanation for the BSG progenitor is through interactions in a binary system. Most massive stars are found in binary or multiple systems (Popova et al. 1982) and of these a substantial fraction (at least 20 % − 60 % of stellar systems) are close enough to interact (Tutukov et al. 1992; Eggleton & Tokovinin 2008; Kobulnicky & Fryer 2007; Sana et al. 2012 Sana et al. , 2013 . Today, the most widely accepted binary scenario for Sk -69
• 202 is that of a merger. Mergers of binary stars are expected to be the end result of ∼ 10 % of all stars, as indicated by population synthesis studies (Podsiadlowski et al. , 2006 . The first studies to investigate merger models for Sk -69
• 202are that of Hillebrandt & Meyer (1989) ; Podsiadlowski et al. (1990) and Podsiadlowski et al. (1992) . The scenario consists of the companion secondary star merges with the primary RSG, via a case B/C mass transfer, and is completely dissolved in the primary's envelope. A BSG model is formed either due to the enrichment of He in the envelope through dredge-up, which lowers the opacity of the surface (Hillebrandt & Meyer 1989) or due to the secondary being dumped on the primary, which increases the latter's envelope mass (Podsiadlowski & Joss 1989; Podsiadlowski et al. 1990 ).
The merger model of Podsiadlowski et al. (1992) involves a common envelope phase, wherein the cores of the primary and secondary stars are embedded in the envelope of the primary. Angular momentum transferred from the spiralling-in orbital motion of the cores to the envelope, leading to its spin-up and subsequent mass ejection. This is the first wholesome progenitor model that showed promise in explaining nearly all the observational aspects of SN 1987A (Podsiadlowski 1992) . The position of the final models in two evolutionary tracks published by these authors, lie where Sk -69
• 202 was found before it exploded ( Fig. 13 in Podsiadlowski et al. 1992) . This model was further developed via hydrodynamic simulation studies of the merger Ivanova 2002 ) and the behaviour of the post-merger model (Ivanova & Podsiadlowski 2002a) , and the formation of the triple-ring nebula from the merger , 2009 ). We independently construct our merger model in the present work, guided by the merger scenario of Podsiadlowski et al. (1992 Podsiadlowski et al. ( , 2007 and the results of the studies by Ivanova & Podsiadlowski (2002a,b) ; Ivanova et al. (2002) ; Ivanova & Podsiadlowski (2003) .
Paraphrasing these works, the evolutionary scenario invoked for Sk -69
• 202 is as follows. It begins with a wide binary system of a 15 M − 20 M primary and a 1 M − 5M secondary, with an initial orbital period of greater than 10 yr. When the primary evolves to an RSG with a He-depleted core, it transfers mass on a dynamically unstable timescale on the secondary main-sequence star leading to a common envelope (CE) episode, during which the envelope is partially ejected. The secondary star is engulfed by the envelope of the primary and eventually undergoes a merger over ∼ 100 yr Ivanova & Podsiadlowski 2003) . After thermally adjusting to its structure, the merged star is expected to contract to a rapidly-rotating BSG which sheds additional mass and finally explodes as a Type II-pec SN. The hot and fast wind of the BSG sweeps up the circumstellar material and shapes it to the triple-ring nebular structure we currently observe (Chevalier & Dwarkadas 1995; Podsiadlowski et al. 2007; , 2009 . In Section 1.1 we provide a more detailed picture of the binary system and its merger. Aside from other BSGs with ring-shaped circumstellar nebulae, mergers may also be the origin of progenitors of superluminous Type II-P SNe (Vanbeveren et al. 2013; Justham et al. 2014) of Type IIbs (Folatelli et al. 2015) . Mergers may also have played a role in the formation of rapidly rotating B[e] supergiants (such as R4) of super-massive objects such as η Carinae (Podsiadlowski et al. 2006) .
The evolutionary models presented in this work are the first that can consistently achieve the three confirmed signatures of Sk -69
• 202: its position as a BSG in the HRD, its lifetime as a BSG before its explosion and its high N/C, N/O and He/H ratios in the surface. The 84 models we have computed in this work are the first pre-supernova (pre-SN) models for H-rich Type II SNe from binary mergers, the majority of which have T eff ≥ 12 kK and hence can be used as progenitor models for other Type II-pec SNe. Understanding the evolution of Sk -69
• 202, can help shed light on the evolution of other hot luminous B-type giants and in a larger scheme, on the late stages of the lives of massive stars.
In order to obtain the best-fit progenitor binary systems for Sk -69
• 202, we systematically explore a grid of initial binary components and mixing depths during their merger. In the next section, we provide a background of the binary scenario used in this work, based on the works of Podsiadlowski et al. (1992) ; Podsiadlowski (1992) ; Podsiadlowski et al. (2006 Podsiadlowski et al. ( , 2007 , the 3D simulations of the merger by Ivanova et al. (2002) and their post-merger evolution in 1D as described in Ivanova & Podsiadlowski (2002a ,b, 2003 .
Binary merger scenario
The binary system in these works initially consists of a primary star (M 1 = 15 M − 20 M ) and a secondary (M 2 = 1 M − 5 M ) companion star, both on the main sequence, orbiting with an initial period greater than 10 yr. As the primary approaches core helium depletion, it expands to a red supergiant (RSG) which consists of a He core (consisting of a CO core + He shell) and convective envelope. It then overflows its Roche lobe and an unstable case C mass transfer ensues from the primary to the secondary, initiating a common envelope (CE) episode that engulfs the secondary.
The system now consists of the He core of the primary and the main-sequence secondary inside the convective envelope. Due to viscous drag forces, the secondary spirals in rapidly towards the core and a fraction of the energy released during the orbital decay is transferred to the outer layers of the CE, spinning it up. When the total orbital energy deposited in the envelope becomes comparable to the envelope binding energy, the envelope expands and ejects some of its mass. The aspherical outer rings of the nebula may have formed from the mass ejected during this CE phase. The spiral-in phase ends when the secondary overflows its Roche lobe (at a separation of about 10 R ) and starts a stable mass transfer to the core of the primary, driven by the friction with the envelope in a period of the order of ∼ 100 yr. H-rich material from the secondary forms a stream during the accretion and penetrates the He core, causing it to shrink in mass. As the secondary mass accretes on the He core, it also gets mixed in the convective envelope of the primary. A fraction of the H-rich secondary mass also penetrates the He core while an equivalent fraction of the He core is dredged up. The region just below the boundary of the He core is hot enough for the CNO cycle to operate and this burns the fresh fuel of hydrogen to helium and nitrogen. The He core mass that is dredged up to the surface is thus enriched in helium and nitrogen. Mass continues to be transferred from the secondary until it finally gets dynamically disrupted and dissolved in the envelope of the primary.
At the end of the merger, the structure of the star consists of a smaller He core, surrounded by an envelope of homogenous chemical abundances which comprises of the envelope of the RSG primary, mixed with the mass of the secondary star and the material dredged-up from the core. Such a merger, occuring over a timescale of ∼ 100 yr, is classified as a 'moderate' merger. The remnant will immediately appear as an RSG out of thermal equilibrium, then contracts continuously towards hotter temperatures and higher luminosities in the HRD. The star thus transitions from the red to the blue part of the HRD and appears as a near-critically rotating BSG, which sheds mass to form the inner ring of the nebula. It is expected that the post-merger star would live as a BSG for about 15 kyr − 20 kyr until its explosion (Podsiadlowski et al. 2006; Heger & Langer 1998 ).
The best-fit hydrodynamic model of , constructed on the basis of the above merger scenario, can successfully reproduce the triple-ring structure of the nebula, with a chosen inner ring mass of ∼ 0.4 M and and an outer ring mass obtained from the merger itself, of ∼ 0.02 M each. The ring mass has not been rigourously constrained and could be higher than current estimates, depending on how much angular momentum is lost from the spiralin of the secondary (Phillip Podsiadlowski, private comm.).
Aims and structure of this work
We build an 'effective-merger' model in 1D using the stellar evolution code Kepler and follow the progress of the postmerger star until the onset of core collapse. Our aims are as follows:
1. Run simulations over a grid of initial parameter space consisting of primary and secondary masses and the boundary of mixing in the He core during the merger. These are the three major aspects that control the outcome of the merger. 2. Analyse the distribution of pre-SN models in the HRD and the number ratios of nitrogen to carbon and oxygen (N/C and N/O) and helium to hydrogen (He/H) in the surface; determine how the choice of initial parameters affect the final pre-SN models. 3. Identify progenitor candidates of SN 1987A that match the observed characteristics of Sk -69
We describe the code employed, the construction of the binary merger scenario and the initial parameters and models in Section 2. In Section 3 we present the nature of the pre-SN models and those that match Sk -69
• 202. Finally we discuss our results and enlist the conclusions of our study in Section 4.
METHODOLOGY

The stellar evolution code: KEPLER
Based on the binary merger scenario in Section 1.1, we use Kepler, an implicit one-dimensional hydrodynamics code that can compute stellar evolution models with rotation and nucleosynthesis (Heger et al. , 2005 Woosley et al. 2002; Woosley & Heger 2007) . The code uses the Ledoux criterion for convection. Energy generation follows a 19 isotope nuclear reaction network prior to oxygen depletion and a 128 isotope quasi-equilibrium network thereafter. A detailed description of the nuclear reaction rates used for energy generation can be found in Rauscher et al. (2002); Heger et al. (2002) . The physics of rotation in the stellar interior includes angular momentum transport, time-dependent mixing from various rotational instabilities, along with magnetic torques, turbulent viscosities and diffusivities from the dynamo model (please refer to and Heger et al. 2005 for more details). Mass loss in the models arise from rotationally modulated winds and mass-loss prescriptions are as described in Nieuwenhuijzen & de Jager (1990) . The evolution of the model is terminated at the onset of core collapse which is considered to occur when the infall velocity approaches 9 × 10 7 cm/s. We recently updated the opacity tables in Kepler which oreviously consisted only of Type I OPAL tables (Iglesias & Rogers 1996 and Achim Weiss, private communication) to include alpha-enhanced Type I OPAL tables, Type II CO-enhanced OPAL tables and conductive opacities (as detailed in Potekhin et al. 2006 ). The opacities (Table 1 ) and the routines for interpolating them in metallicity, temperature, density, hydrogen mass fractions and enhancements in C, N, O, and Ne were obtained from Boothroyd's homepage (http://www.cita.utoronto. ca/~boothroy/kappa.html). Routines to vary opacity from changes in CNO abundances due to nuclear burning were also included. For temperatures lower than 10 4 K, composition-dependent low-temperature Rosseland mean opacities were computed with Aesopus (Marigo & Aringer 2009) which includes various sources of atomic, molecular and collision-induced opacities. The routine to interpolate these opacities was provided by Dr. Thomas Constantino (Constantino et al. 2014) .
The new opacities are smaller compared to the values obtained from the old tables. The overall effective temperature and luminosity of the pre-SN models increase significantly with these smaller opacities. The role of correct opacities is thus crucial in determining the evolutionary path of the star.
Effective-merger model
Our 1D effective-merger model is based on the processes outlined in Section 1.1. The merging phenomenon is characterised by the simultaneous accretion and mixing of the secondary star in the envelope of the primary.
In this model, we assume merging follows immediately after the primary of main-sequence mass M 1 evolves to become the required pre-merger RSG model (as will be described in 2.3) whose mass is M RSG and consists of a He core of mass M He c,1 . M RSG is slightly smaller than M 1 by ≈ 0.01 M due to mass loss through winds. From the hydrodynamic simulations described in Section 1.1, the merging phase is of the order of 100 yr and so in our scenario we choose a fixed merging period of 100 yr. This merging timescale is much shorter than the thermal time scale of the envelope, some 1000 yr, yet the thermal time scale is short compared to the lifetime of the post-merger star before its explosion (of the order of 10 4 yr-10 5 yr), hence varying the merging period within an order of 100 yr does not affect the post-merger evolution in any significant way. The rate of accretion is M 2 /100 yr, and for the range of M 2 we choose, this leads to accretion rates ofṀ acc = 0.02 M /yr − 0.08 M /yr. M 2 is accreted with the same entropy and angular momentum as that of the surface of the primary.
The merging in our models is implemented as follows. The hydrodynamic simulations show that the secondary star is completely mixed in the convective envelope of the primary. Equivalently we can accrete a secondary star of uniform chemical composition on the primary RSG. In order to obtain this composition, the secondary main-sequence star is evolved to the same age as that of the RSG and then the total masses of individual isotopes are averaged over M 2 .
As M 2 gets accreted on the primary, it is also si- Figure 3 . A schematic of the merger scenario between M 1 = 16 M and M 2 = 7 M . M 1 is evolved until it becomes an RSG, thereafter merging with M 2 . The post-merger remnant remains a BSG for 49.2 kyr until its explosion. The He core mass is flat until ∼ 25 yr from the start of the merger before it begins to shrink. This is because it takes ∼ 25 yr for the boundary of the He core to recede due to dredge up of H-rich material from the envelope.
multaneously mixed throughout its envelope. This mixing phenomenon is implemented through a Lagrangian mixing recipe, wherein each unit of M 2 accreted per timestep of the code (Ṁ acc × dt) is mixed down progressively in mass to a boundary we specify, m b , inside M He c,1 . The He core (or the H-free core) mass is defined as the mass within which the hydrogen mass fraction drops to below ∼ 10 −2 . As a fraction of M 2 penetrates the He core of the primary, it brings down H-rich material and thus shrinks the mass of the He core, while an equivalent fraction ( f c ) of M He c,1 is dredged up and mixed uniformly in the envelope. The boundary of penetration or mixing, m b , of the secondary is thus set by f c ; m b = M He c,1 − f c × M He c,1 . Effectively, m b determines the boundary of the He core of the merged star. Since however, a convection zone forms during the merger at m b , an additional amount of H-rich material is mixed down from the envelope, resulting in a He core boundary that is smaller by 7 % − 22 % of m b .
In this manner, by the end of the merger we have a star that consists of a He core whose mass is smaller by a fraction ∼ f c , and a massive homogenous envelope mixed with M 2 and f c × M He c,1 (Fig. 1) , resembling the structure of the merged star in the hydrodynamic simulations. The total mass of the post-merger star is ≈ M RSG + M 2 .
In this first study, the effective-merger we implement is a simplified model. We do not include any heating of the mass dumped by accretion nor do we track its angular momentum. We also do not compute the angular momentum loss post the CE phase and consequently there is no additional momentum in the envelope or associated mass loss in our models. Our BSG models do not reach break-up velocities after the RSG contracts, hence no mass is shed from the system (aside from the < 0.1M through RSG winds) and we cannot provide predictions for the BSG wind. These processes require detailed hydrodynamic simulations and have been investigated in other works mentioned in Section 1.1.
Mass loss is, however, an important effect and it does play a significant role in the evolution of a star. Unfortunately, there does not exist an analytical prescription to calculate the mass ejected after the merger (Morris & Podsiadlowski 2009; Vanbeveren et al. 2013) . The mass of the circumstellar nebula, currently estimated as 1.7 M , formed from the mass ejected in two stages -during the CE phase and when the post-merger RSG contracted to the BSG. Thus the resultant mass of the star would be smaller by 1.7 M than the sum of its components M RSG + M 2 .
We account for the mass-ejection phenomenon indirectly-by accreting different values of M 2 on a particular RSG model. For example, let us take the merger of a system of M 1 = 15 M (M RSG = 14.11 M ) and M 2 = 7 M , which will result in a star of 21.11 M . If 1.7 M is ejected from the merger, this would reduce the total mass to ≈ 19.41 M . Equivalently, we can merge a system of M 1 = 15 M (M RSG = 14.11 M ) and M 2 = 5 M which would result in a star of 19.11 M , close to the mass obtained from the previous system (Fig. 2) . The two systems will also have the same surface composition in the post-merger star. Thus the post-merger evolutionary tracks obtained from both scenarios, the one with mass ejection and the one with a lower M 2 , will be the same. Fig. 3 outlines the evolutionary sequence for every system-we begin with the evolution of the primary star from the main sequence, merge it with a secondary mass, and follow the evolution until the post-merger star attains an iron core just prior to core collapse, i.e., the pre-SN model. In the next section we quantify the initial parameters chosen for our study.
Initial parameters
The primary and secondary stars are evolved from the main-sequence with a solar-scaled composition of the LMC: X H = 0.739, X He = 0.255 and Z = 0.0055, which is 0.4 dex of the Asplund et al. (2009) solar metallicity, Z = 0.014. This metallicity is the value used by Brott et al. (2011) , measured from observations of young massive stars in the H-II regions of the LMC, although they use initial C, N, O values that are enhanced over solar in their work. As we shall discuss later, the metallicity is not the primary reason for stars becoming blue from mergers.
Our choice of main-sequence masses for the binary components is motivated by the mass predicted by single star models for Sk -69
• 202 and the merger scenario outlined by Podsiadlowski et al. (2007) , i.e, M 1 + M 2 = 18 M − 22 M . The primary RSG model chosen for the merger consists of a convective envelope and a He core with a central helium mass fraction of X He c,1 ∼ 10 −2 (Fig. 1) . The primary mainsequence star has an initial rotation velocity at the equator of ω/ω crit = 0.30 (v eq ∼ 216 km/s). When it arrives on the RSG, its surface is enriched with the ashes of H-burning through the CNO cycle in the core which are dredged up to the envelope due to rotational mixing. Thus the surface of the primary RSG model has high N/C and N/O ratios. Properties of the primary models studied in this work are listed in Table 2 .
The main-sequence masses of the secondary considered in this study are between M 2 = 2 M − 8 M . Within the age of the primary RSG models (12.3 Myr − 14.3 Myr, Table 2), the average isotopic abundances of the secondary masses vary only by a few percent; X H (X He ) decreases (increases) by 8 % between M 2 = 5 M and 10 M . This does not significantly impact the evolution of the post-merger star or its abundances. Hence we choose a 'standard' uniform isotopic composition for the accretion of secondary masses-that of a 5 M main-sequence star evolved until 14.3 Myr (Table 3) .
The initial parameters that we vary between models are: Thus for every model, we choose a value of M 1 and M 2 and then choose a value for f c , which determines m b . We find that for conditions favourable to form a progenitor model resembling Sk -69
• 202, m b must be on or above the CO core of the primary, as will be explained in Section 3. By varying these three parameters, we establish a grid of 84 initial systems to study.
RESULTS
Progenitor models of SN 1987A
A successful SN 1987A progenitor model is one that satisfies the following criteria:
1. Lies in the region of the HRD where Sk -69
• 202 was before exploding; log (L/L ) = 5.15 − 5.45, T eff = 15 kK − 18 kK and R/R = 28 − 58 (Woosley 1988) . 2. Surface abundances from the BSG model match those of the nebula; N/C ∼ 5 ± 2 , N/O ∼ 1.1 ± 0.4 (Lundqvist & Fransson 1996) and He/H = 0.14 ± 0.06 (France et al. 2011 ). 3. Lifetime of the post-merger BSG phase before explosion is at least 15 kyr.
We classify our pre-SN models as follows:
The evolution of one of the models that resembles the progenitor of SN 1987A (M 1 = 16 M , M 2 = 7 M and f c = 16.6 %, see Table 4 ) is shown in the HRD in Fig. 4 and in the schematic Fig. 3 . Beginning from the ZAMS model (A), the primary evolves over 13.3 Myr until helium depletion in the core, during which it inflates to an RSG (B). At this stage, the time until core collapse is 21.1 kyr. The merger is initiated immediately at point B and the secondary is accreted and mixed with the envelope of the primary until point C over 100 yr. During the merging process, the star goes out of thermal equilibrium and the code takes small timesteps to evolve it, resulting in a noisy phase on the HRD (the extended dotted blue line in Fig. 4) . Due to the penetration of H-rich material, the He core mass shrinks, thereby increasing the lifespan of the post-merger star (by Table 2 . Parameters of the primary RSG models selected for merging. M 1 is the main-sequence mass of primary, ω/ω crit is the initial rotation rate on the main sequence; Age is the age of RSG model; τ cc is the time until core collapse; M RSG is the mass of RSG model; M CO c,1 and M He c,1 are the mass of the CO core and of the He core; M env,1 is the mass of the envelope, i.e., M RSG − M He c,1 ; N/C, N/O, and He/H are surface abundance ratios. nearly 28 kyr) before it explodes. The H-fuel deposited increases the mass of the H-burning shell and its resulting higher luminosity pushes the convective envelope outward, causing the star to inflate after the merger. When the convective envelope stops expanding and begins to recede, the star contracts and evolves towards the blue part of the HRD. At a certain point in its evolution, the convective envelope stops receding and begins to expand again causing the star to loop back to the red. It then undergoes carbon ignition in the core (D) and subsequent stages of nuclear burning and the evolution is stopped until just before the onset of ironcore collapse (E). The lifespan of this BSG model is 49.2 kyr before core collapse. 
What factors affect the formation of BSGs?
Of the 84 models computed, 59 are BSGs and 25 are YSGs. Six of the BSGs qualify as progenitor models of SN 1987A, in accordance with the criteria, 1-3 (Fig. 11, Fig. 7 ) and are summarized in Table. 4. We find that RSG pre-SN models result from mergers only if dredge-up occurs from the envelope, i.e., the He core is not penetrated, as will be discussed in the following sections. We shall now investigate how the criteria in 1-3 are affected by the input parameters of our model.
Surface N/C and N/O ratios
The envelope of the RSG primary model at the time of merger, is already enhanced in nitrogen at the surface due to rotational mixing, as explained in Section. 2.3 (also see Fig. 1, top panel) . Depending on the values of M 2 and f c , the N/C and N/O in the envelope will change as explained below.
Our choice for the mixing boundary m b being set inside the He core is motivated by two factors -we know from hydrodynamic simulations that the He core is penetrated by a fraction of the secondary mass during the merger and from our simulations, we find that the surface ratios of N/C and N/O are sensitive to the position of m b . In Fig. 5 we demonstrate this for the case of M 1 = 15 M and M 2 = 5 M with varying amounts of f c . The larger f c is, the deeper m b is set inside the He core, resulting in larger amounts of M He c,1 being mixed in the envelope during the merger. This is because the He shell, between the boundary of the CO core and He core, is nitrogen rich (Fig. 1) . Thus in order to obtain high N/C and N/O ratios at the surface of the merged star, the boundary of dredge up during the merger must be set within the He-shell region. If this boundary is set within the CO core, the mass dredged up from within the CO core to the surface will be rich in carbon and oxygen, thereby reducing N/C and N/O. Hence it would be more instructive to use f sh , the fraction of He-shell mass dredged up, to set m b .
Two models are also computed for the case for which m b is set outside the He core of the primary, i.e., there is no He core penetration. For this case, since mass is dredged up from within the homogeneous envelope, the surface values of N/C and N/O are unchanged from their initial amounts.
We now demonstrate how these quantites vary for all the binary systems studied in this work, spanning the entire initial parameter space of M 1 , M 2 and f sh = 10 %, 50 %, 90 %, and 100 % (Fig. 6) . A table containing details of all the pre-SN models computed in this work is provided in Section 5. N/C and N/O decrease as we dredge up larger fractions of the He-shell material as more carbon and oxygen are dredged up to the surface, as expected from Fig. 5 . As M 2 increases for a fixed f sh , N/C and N/O decrease again. This is because the envelope mass increases as M 2 increases, causing the amount of nitrogen dredged up to be diluted in the envelope thereby decreasing its mass fraction at the surface. As M 1 increases, so does the He-core mass (Table 2) , thereby increasing the mass dredged up to the surface for a given f sh . Moreover, the RSG models are increasingly enhanced in N/C and N/O at the surface, hence for a given M 2 and f sh , the values of N/C and N/O at the surface after the merger increase in proportion to M 1 .
From Fig. 7 the BSG pre-SN models from our simulations span a large range in surface ratios of N/C and N/O (Fig. 7) , indicating that there is no correlation between being a BSG and having high values of N/C and N/O at the surface, i.e., these parameters are independent of each other. The YSG models (except for two models) are somewhat more constrained, since they are less enriched in N/C and N/O at the surface than BSGs (N/O < 1.0, N/C < 9.7). The ratio He/H at the surface does not vary significantly for the parameter range we use, and is between 0.13-0.17 for all the pre-SN models.
Effective temperature, luminosity, and radius
Varying f c affects the effective temperature, T eff , and luminosity, L, of the merged star (Fig. 5) . Increasing f c (or f sh ) decreases the He core mass and causes T eff and L to also decrease. In particular for these models, dredging up more than 15 % of M He c,1 (50 % of the He-shell mass), brings down T eff from 18 kK to nearly 12 kK and it remains more or less constant for larger values of f c .
It is interesting to note the case where m b is set on the boundary of the CO core (i.e., f c = 0), also becomes a BSG (T eff ≈ 20 kK). In the two models where m b is set above the He core, the post-merger star explodes as a cool RSG of T eff = 3 kK.
By increasing f sh (Fig. 8) , the secondary star mixes deeper inside the He core and the stars become brighter and hotter after the merger but evolve further from the bluest point of their evolution to the cooler and less luminous re- Lundqvist & Fransson (1996) and the orange region from Woosley (1988) .
gions of the HRD. Thus reducing the He core mass for a given M 1 and M 2 causes the pre-SN model to become redder. On the other hand for a fixed value of f sh , which fixes the He core mass of the post-merger star, increasing M 2 increases the envelope mass M env of the post-merger star and makes it hotter and more luminous throughout its evolution (Fig. 9) . We arrive at two results at this point-in order to obtain high values of N/C and N/O at the surface and high values of T eff and L required for the progenitor of SN 1987A, we need to restrict the mixing boundary m b , to be inside the He shell or on the He core boundary. Second, without He core penetration during the merger, the post-merger stars evolve as cool RSGs until they explode. Let us now understand how varying f sh and M 2 for a particular M 1 affect the evolution of the post-merger star.
From Fig. 10 , we see that for a fixed combination of M 1 and M 2 , increasing f sh makes the pre-SN model cooler. On the other hand for a fixed value of f sh , increasing M 2 increases the envelope mass and makes the final model hotter and also more luminous. Since radius drops as a power of T 4 (for a fixed luminosity), with increasing temperatures the radius of the pre-SN model reduces. The frequency of YSG pre-SN stars increase as M 1 increases, with f sh = 90 % and 100 % and for smaller values of M 2 .
We now arrive at our next set of conclusions. A merged star is most likely to end its life as a BSG and have high values of N/C and N/O in the surface across all values of M 1 and M 2 used in this study, if f sh is between 10 % − 50%. The frequency of cooler stars ( T eff < 12 kK) increases as M 1 and f sh increase and M 2 decreases. We observe that the most important initial parameter that affects T eff of the pre-SN model is f sh which determines the He core mass, followed by M 2 which determines the envelope mass and finally, M 1 . This suggests that there must exist an underlying connection between T eff and core-to-envelope mass ratio of the postmerger star.
Lifetime of BSG model before explosion
We address the final quantity that has been observationally deduced-the duration of the BSG phase of the progenitor, τ BSG . We calculate τ BSG as the period when the post-merger star attains T eff = 12 kK until the time of its explosion. From Table 4 , our BSG progenitors for SN 1987A have lifetimes that are larger than 15 kyr−20 kyr expected from observations (and is the case for all the BSG pre-SN models obtained in this study, see Section 5). This parameter however, does not depend on the three initial parameters we varied, but in fact on the age of the primary RSG model just before the merger begins. The younger the RSG model (the earlier along the giant branch it is), the longer the post-merger remnant lives as a BSG. If it is too late along the giant branch, the core is too close to carbon-ignition and τ BSG decreases. A proxy for the age of the RSG model is the mass fraction of helium at the centre (X He c,1 ), which decreases as the RSG model grows older. The RSG primary models in this study were chosen when X He c,1 ∼ 10 −2 . Table 5 lists the values of various parameters of the pre-SN models from the merger of different RSG models of M 1 = 16 M and a fixed secondary mass, M 2 = 6 M , and f sh = 50 %. As X He c,1 decreases, τ BSG of the post-merger model also decreases. The other parameters of the pre-SN model are largely unaffected.
We have thus demonstrated that it is possible to obtain BSG progenitors for Type II SNe, with a range of luminosities, effective temperatures, envelope compositions and 1.8 Figure 6 . Distribution of number ratios, N/C and N/O of all pre-SN models for each of the primary masses, M 1 . These parameters are plotted in a column for each M 1 against the range of M 2 . The symbols stand for different values of f sh . The bold blue symbols are progenitor models for SN 1987A that satisfy the criteria 1-3 in Section 3.1. The shaded violet region denotes the observation limits as explained in Fig. 5 . Table 5 . Properties of different RSG models of M 1 = 16 M , ω/ω crit = 0.30 and pre-SN models from their merger with M 2 = 6 M and f sh = 50 %. X He c , ρ c , T c , R, and M He c,1 are central helium mass fraction, central density, central temperature, radius and He core mass of RSG model; log (L), T eff , R pre−SN , T eff are the luminosity, effective temperature and radius of the pre-SN model; N/C, N/O, He/H are the number ratios of nitrogen to carbon, nitrogen to oxygen and helium to hydrogen of the pre-SN model; τ BSG is the lifetime of BSG before explosion. durations of the BSG phase from various combinations of initial parameters for binary mergers. We summarize our results in Section 4.
DISCUSSIONS AND CONCLUSIONS
In this paper, we present Type II SN progenitors from the first detailed stellar evolution study of binary mergers of massive stars. We provide details of the 84 pre-SN models computed in Section 5. Our specific goal was to replicate the observational signatures of the BSG progenitor of SN 1987A, Sk -69
• 202. For this purpose, we evolved merger models until the pre-SN stage, from a parameter space consisting of the primary mass M 1 = 15 M − 17 M , the secondary mass M 2 = 2 M − 8 M and the fraction of He shell dredged up from the He core, f sh = 10 %, 50 %, 90 %, 100 %. Within the evolutionary scenario and parameter space explored, we find that Sk -69
• 202 can be reproduced with different combinations of the above three parameters. The nature of the pre-SN models rely only on the choice of these three parameters and no additional fine-tuning is required during the log (L/L ) Sk -69
• 202 evolution of the star to produce BSGs. All the pre-SN models have T eff ≥ 7 K, majority of which are BSGs (T eff ≥ 12 K). This leads us to conclude that the progenitors of Type II-pec SNe are highly favoured outcomes from a binary merger. We draw the following inferences from our results:
1. The parameter of paramount importance that determines how hot the surface of the pre-SN model is, is f sh . Across the range of primary and secondary masses chosen, BSG pre-SN models are produced when the boundary of mixing is set within f sh = 10 % − 50 %. These values of f sh result in high values of N/C and N/O in the surface as well. 2. The second parameter of importance is the mass of the secondary star, M 2 . Increasing M 2 for a fixed value of f sh (which determines the post-merger He core mass), increases the T eff of the pre-SN star but decreases N/C and N/O in the surface. 3. Finally, the parameter that affects the lifetime of the BSG star (τ BSG ) before its explosion, is the age of the primary RSG model at the time of the merger. Younger RSG models lead to longer-lived post-merger BSG models. 4. YSG progenitors are produced when either M 2 = 2 M OR for small He cores, i.e. when f sh > 50 %. These models increase in number as M 1 increases. The only conditions under which RSG progenitors are produced, is when the mixing boundary is set above the He core, i.e., the He core is not penetrated in the merger. 5. The pre-SN models that match Sk -69
• 202 are from the following systems: Our results indicate a correlation between T eff of a pre-SN model and its core-to-envelope mass ratio along with the fractional decrease of the He core after the merger. The role of small He cores and large envelopes in making blue stars have been discussed by Barkat & Wheeler (1989) , Podsiadlowski et al. (1992) , Woosley et al. (1997) , Vanbeveren et al. (2013) and Petermann et al. (2015) .
Despite our best efforts, we were unable to draw a relation between the three initial parameters, M 1 , M 2 , f sh . In this context we would like to draw parallels with the results of Podsiadlowski et al. (1992) . In their study, which has a similar initial merger system as ours, they found that as the He core to total mass ratio (q) decreases, the pre-SN radius (or T eff ) decreases monotonically ( Fig. 11 in Podsiadlowski et al. 1992) . They even found a critical value for q from their models-those post-merger stars that have q < 0.27 become BSGs. Simply put, larger envelope masses (by accreting larger secondary masses) relative to the He core mass in the post-merger star can result in BSGs. As a corollary, smaller core masses for a given envelope mass should lead to BSGs as well, which we found not to be true in our study. Although there is a general upward trend in T eff as M 2 increases, decreasing the He core mass beyond 50% of the He shell, can cause T eff to reduce for the same M 2 .
There may be other reasons as to why BSGs formIvanova (2002); Vanbeveren et al. (2013) mention that the sharp rise in the hydrogen profile between the He core and the envelope after the merger or the additional fuel supplied to the H-burning shell may also be causes. We hope that our findings will contribute to the quest of understanding why stars end up becoming becoming BSGs or for that matter, RSGs.
Our pre-SN models span a large range of N/C and N/O ratios at the surface, demonstrating that chemical abundances and the position in the HRD of the progenitor are independent constraints. Simultaneously obtaining the right surface abundance ratios and the HRD position of Sk -69
• 202 has not been achievable by any single-star model. Using higher-mass mergers, we can obtain larger N/O ratios and luminosity, comparable to what is found for Sher 25, which has log (L/L ) > 5.78 − 5.90 (Smartt et al. 2002; Melena et al. 2008) and N/O ∼ 1.7 − 2.1 (Hendry et al. 2008 ). In the same vein, we can compare our models with the circumstellar abundances and HRD positions of other BSGs that have ring nebulae around them to confirm their origin from binary mergers.
The majority of Type II-pec SNe found so far have been in low-metallicity galaxies and hence Pastorello et al. (2012) ; Taddia et al. (2013) suggest that low metallicities may play a role in forming BSG progenitors. There maybe an influence of metallicity on the interactions of binary systems-de Mink et al. (2008) found that case C mass transfers from massive stars are more likely in low-metallicity environments than in those of solar metallicity. Eggenberger et al. (2002) find that the red-to-blue supergiant ratio decreases with metallicity. In our work, the key factor which determines the fate of the pre-SN model is the core-envelope mass ratio of the postmerger star. In order to pursue the question of how likely these mergers are in low-metallicity environments, we need to perform a population synthesis study.
The abundances of Ba and Sr in the surface of our pre-SN models are unchanged from their initial amounts and hence do not exhibit the s-process overabundance detected by Mazzali et al. (1992) ; Mazzali & Chugai (1995) . More recent studies, such as those by Utrobin & Chugai (2005) and Dessart & Hillier (2008) , have shown the importance of time-dependent hydrogen ionization in the evolution of Type II SN spectrum. From the time-dependent ionization models for SN 1987A, Utrobin & Chugai (2005) concluded that the barium abundance in its atmosphere matched the LMC value and was not in fact enhanced. The N/C and N/O ratios in the surface do not vary much from the end of the merger to core collapse. This may suggest that the outer rings likely formed from material ejected by the wind after the merger, but we cannot provide a more detailed dating based on abundance patterns.
The lifetime of the post-merger models as BSGs is τ BSG = 38 kyr − 149 kyr, which is higher than the 15 kyr − 20 kyr estimated for Sk -69
• 202. We can obtain shorter BSG lifetimes by using older RSG models, keeping all other initial parameters constant.
We do not include the spin-up of the common envelope, or the heating of accreted material in our model, which we intend to look into as part of future work. These effects may affect the evolutionary path of the stars and also help gauge how fast the core will be rotating at the time of explosion.
Mass ejection from the CE phase is not explicitly modelled in this study. Since no circumstellar disk has been found around the remnant, we assume that the material ejected from the CE is in the nebula alone. The effect of mass loss from the merger is to cause the envelope mass to reduce and thereby increase the core-to-envelope mass ratio of the post-merger model. As we accrete a wide range of secondary masses, 2 M − 8 M , we indirectly explore how mass ejection will affect the structure of the final star. Within the range of secondary masses and the age of the primary model at the time of merger, helium is enhanced by a maximum of 9 % in the post-merger envelope compared to its initial value, which did not leave a significant impact on the final state of our stars. We thus rule out the role of helium in obtaining BSGs from mergers.
Overall, our BSG pre-SN models are more massive than single-star progenitor models for SN 1987A. With single-star models, the progenitor mass is determined by first comparing the luminosity of the He core of the pre-SN model with the luminosity on the surface Smartt et al. 2009; . The reason this can be done for single-star models is that mass loss from the surface has little effect on the He core mass, hence the He core mass is strongly correlated to the ZAMS mass of the star ). The He core mass thus determined for the luminosity of Sk -69
• 202 is M He c = 4 M − 7 M , which would originate from a ZAMS star of mass, M ZAMS = 14 M − 20 M (Arnett et al. 1989; Smartt 2009; Smartt et al. 2009 ). In the case of our merger models, the pre-SN He core mass depends on M 1 and m b whereas the initial mass is the sum of M 1 and M 2 and hence, a given He core mass could belong to any number of initial masses depending on the accreted value of M 2 .
Consequently these merger models will impact the parametrised studies of SN explosion properties that are calibrated against supernova SN 1987A. Typical single-star models used for SN 1987A are those from Woosley (1988) and Woosley et al. (1988) , M ZAMS = 15 M − 20 M , M He c = 4.1 M − 6.2 M and M env = 5 M − 10 M (Arnett et al. 1989; Dessart & Hillier 2010; Utrobin et al. 2015) or the Heenriched models of Nomoto et al. (1988) and Saio et al. (1988) , M ZAMS = 23 M , M He c = 6 M and M env = 10.3 M (Blinnikov et al. 2000; Kleiser et al. 2011; Ugliano et al. 2012) . Scaling relations based on these models of SN 1987A have been used to determine the explosion properties of other Type II SNe as well (e.g., see Kleiser et al. 2011) .
Our BSG pre-SN models have lower He core masses, M He c = 2.4 M − 4.5 M , and much larger envelope masses M env = 12.3 M − 20.5 M . It is therefore imperative to determine the explosion properties of SN 1987A with these models. In a subsequent paper, we will present the light curves and spectra from the explosions of these models using a radiative transfer code and compare them to existing observations of Type II-pec SNe, focusing particularly on SN 1987A.
APPENDIX
This section contains the properties of all the pre-SN models computed in this study. Table 6 . Parameters of BSG binary merger progenitors of Type II SNe (T eff ≥ 12 kK). Column headings are the same as in Table 4 . '-' under tHe column M Fe c are for those runs that crashed while at core-silicon burning and thus did not reach the pre-SN model. 
